INTRODUCTION
============

Major depressive disorder (MDD) is characterized by heterogeneity of etiology and involves both genetic and environmental factors.[@B1] Information on the effect of neurobiological factors on the treatment of MDD is limited. MDD patients are treated with a series of antidepressants depending on the severity and recurrence of the disease. Although numerous antidepressants are available for the treatment of MDD, a significant proportion of patients do not exhibit a response in enough dose and duration of antidepressant treatment, and experience tolerability or adverse effects of antidepressants that can result in discontinuation of treatment.[@B2],[@B3] The expectation that accurate individualization of antidepressant selection may optimize clinical outcomes has led psychopharmacogenetics to target personalized medicine, which can maximize treatment response and minimize the possibility of nonresponse, side effects, or dangerous adverse events in antidepressant treatment, based on patients\' genetic variabilities.[@B4]

The cytochrome P450 (CYP) system in the liver is responsible for the first phase of the metabolism of numerous ingested chemicals, and CYP enzymes convert these substances into electrophilic intermediates, which are then conjugated by phase II enzymes to yield hydrophilic derivatives that can be excreted.[@B5] Escitalopram is a selective serotonin reuptake inhibitor which is widely used in the treatment of MDD and anxiety disorders.[@B6] Escitalopram is metabolized by CYP2D6, 2C19, and 3A4.[@B7] Escitalopram is first metabolized via N-demethylation to S-desmethylcitalopram by CYP3A4 and 2C19.[@B8] Then, this metabolite is further demethylated, mainly by CYP2D6, to form S-didemethylcitalopram.[@B9] Escitalopram and S-desmethylcitalopram are the active forms of the metabolites with antidepressant effects, whereas S-didemethylcitalopram is an inactive form.[@B8] Based on CYP enzymatic activity, patients taking escitalopram exhibit various plasma concentrations of escitalopram and its metabolites S-desmethylcitalopram and Sdidemethylcitalopram.[@B10]

CYP2D6 polymorphism is one of the most important genetic polymorphisms because of its influence on the enzymatic activity of CYP2D6, which is responsible for the metabolism of numerous antidepressants.[@B11] Based on the metabolic activity of the CYP2D6 polymorphism, 4 phenotypes have been identified: extensive metabolizers (EMs), intermediate metabolizers (IMs), poor metabolizers (PMs), and ultrarapid metabolizers (UMs).[@B12],[@B13] PMs often exhibit significantly higher plasma drug concentrations. Therefore, PMs may have greater susceptibility to adverse effects, whereas UMs usually show subtherapeutic plasma concentrations resulting in decreased efficacy of antidepressants.[@B14] In addition to the higher susceptibility of PMs to adverse effects of antidepressants, recent studies reported that PMs exhibit significantly lower treatment responses than EMs.[@B15]-[@B18]

The genetic polymorphism of CYP enzymes is not altered by medication. therefore, these can be bio-markers for predicting enzymatic activities related to the metabolism of escitalopram. Furthermore, a recent study suggested an association between genetic polymorphism of CYP enzymes and treatment response to escitalopram.[@B19]

There are 80 identified variations of the CYP2D6 gene among the CYP genetic superfamily.[@B20] Ethnicity is a factor in the occurrence of CYP2D6 variability. For example, the allele frequency of CYP2D6^\*^10 in Asians is about 50%,[@B21] whereas it is only 1-2% in Caucasians.[@B12] Differences in the allele frequency of CYP2D6^\*^10 are also observed among Asian populations: 38.1% in Japanese 22 and 51.3% in Chinese.[@B23] It has been reported that in Koreans the CYP2D6 alleles ^\*^1, ^\*^2, ^\*^5, ^\*^10, and ^\*^41 occur with a frequency exceeding 1%.[@B24] Especially, a CYP2D6 genotyping study in the Korean population indicated that CYP2D6^\*^10 was the most frequent allele in Koreans, with a frequency of 45%.[@B24] The CYP2D6^\*^10 allele includes the P34S (rs1065852) and S486T (rs1135840) mutations. The P34S mutation is a single nucleotide polymorphism (SNP) in ^\*^4, ^\*^10, ^\*^14A, ^\*^36, and many other alleles of CYP2D6,[@B25] and is known to eliminate the important proline-rich (\"PPGP\") sequence near the amino terminus essential for the folding of the P450 enzyme.[@B26],[@B27] The P34S mutation of CYP2D6^\*^10 makes the enzymatic activity very unstable, and it usually leads to reduced affinity for substrates.[@B28] The relationship between the P34S mutation and drug metabolism by the CYP2D6 enzyme has urged recent pharmacogenetic studies to focus on the influence of this SNP on the clinical outcomes of several psychotropic treatments.[@B19],[@B29]

We postulated that CYP2D6 P34S polymorphism is a most powerful marker for detecting CYP2D6^\*^10 allele and other CYP2D6 alleles with P34S polymorphism are negligible in the study, because other alleles with P34S polymorphism have low frequency in Korean population, not exceeding 1%.[@B24] Therefore, we chose the CYP2D6^\*^ 10 P34S polymorphism as a genetic marker for predicting escitalopram treatment outcomes in this study.

Although numerous studies have suggested that inter-individual variations in clinical outcomes and tolerability in the treatment of MDD are influenced by CYP2D6 polymorphism, few studies have focused on the CYP2D6^\*^10 polymorphism and treatment response to escitalopram. The purpose of this study was to investigate the relationship between the CY P2D6^\*^10 P34S polymorphism (C188T, rs1065852) and the efficacy of escitalopram treatment in Korean patients with MDD.

METHODS
=======

Subjects and clinical assessments
---------------------------------

A total of 94 patients diagnosed with MDD were recruited from Korea University Anam Hospital and enrolled from March 2009 through June 2011. Using the Structured Clinical Interview for DSM-IV Axis I disorders (SCID-I) and the Korean version of the Diagnostic Interview for Genetic Studies (KDIGS), trained psychiatrists examined all the subjects. The severity of depression was evaluated using the 21-item Hamilton Depression Rating (HAMD-21) scale. All subjects enrolled had a minimum score of 18 on the HAMD-21 scale. Exclusion criteria for enrollment were: 1) primary or co-morbid diagnoses of schizophrenia, schizoaffective disorder, bipolar disorder, dementia or MDD with psychotic features, based on DSM-IV criteria within the previous 6 months, 2) serious or unstable medical illness, 3) personal or family history of substance abuse/dependence. All subjects were at least 18 years of age. Patients already on other psychotropic medication were permitted a 2-week washout period. Demographic data, medical history, and laboratory data of all the subjects were documented. During the study treatment period, all subjects received escitalopram (Lexapro®; Lundbeck, Copenhagen, Denmark) at a daily dose of 5-40 mg, and psychotropic drugs, such as antipsychotics and mood stabilizers, were not permitted. In accordance with the Declaration of Helsinki, all subjects gave informed consent to participate in the study, and the study protocol was approved by ethics review board of from Korea University Anam Hospital. We evaluated clinical symptoms using the HAMD-21 scale and the Clinical global impression scale-Severity (CGI-S) at baseline and after 1, 2, 4, 8, and 12 weeks of treatment. Response was defined as a reduction of 50% or more in the HAMD-21 score compared to baseline, and remission status was defined as a HAMD-21 total score of 7 points or less.[@B30] The side-effects profile during treatment was assessed using the Udvalg for Kliniske Undersogelser (UKU) Side Effect Rating Scale (UKU-SERS).[@B31] To evaluate specific clusters of adverse effects, UKU-SERS items were grouped as psychic side effects (items 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, and 1.10), sleep symptoms (items 1.7, 1.8, and 1.9), extrapyramidal symptoms (items 2.1, 2.2, 2.3, 2.4, 2.5, and 2.6), gastro-intestinal symptoms (items 3.4, 3.5, and 3.6), autonomic side effects (items 3.1, 3.2, 3.3, 3.7, 3.8, 3.9, 3.10, and 3.11), skin reactions (items 4.1a, 4.1b, 4.1c, 4.1d, 4.1e, 4.2, 4.3, and 4.4), weight changes (items 4.5 and 4.6), hormonal side effects (items 4.7, 4.8, 4.9, and 4.10), sexual side effects (4.11, 4.12, 4.13, 4.14, 4.15, and 4.16), and headache (items 4.17a, 4.17b, and 4.17c).

DNA analysis
------------

We extracted DNA from peripheral blood of the subjects and polymerase chain reaction (PCR) was performed using the sense primer 5\'-CCA TTT GGT AGT GAG GCAGGT AT-3\' and antisense primer 5\'-CAC CAT CCATGT TTG CTT CTG GT-3\'. Each amplification mixture contained 50 ng of DNA, 3 µL of 10× PCR buffer, 2.5 µL of 2.5 mM dNTP, 10 pmol of each primer, and 0.5 µL of Taq polymerase (5 U/µL; Takara, Kyoto, Japan). We amplified the samples using a thermocycler (Perkin-Elmer, Boston, MA, USA) using the following conditions: an initial 7 minutes at 94℃, followed by 35 cycles of 45 seconds at 94℃, 45 seconds at 56℃, and 45 seconds at 72℃. The amplification reaction was terminated at 4℃ after a final 5 minutes extension at 72℃. The amplified DNA was digested with the restriction endonuclease HphI (New England BioLabs, Ipswich, MA, USA), which cleaves at site 188C. The digested DNA was electrophoresed on 3% agarose gel and stained with ethidium bromide to detect the 213- and 58-bp fragments corresponding to the 188C (34Pro) allele and the 122-, 101-, and 58-bp fragments corresponding to the 188T (34Ser) allele.

Statistical analysis
--------------------

An efficacy analysis was conducted on the \"intention-to-treat\" group. The intention-to-treat group included all subjects who received escitalopram at least once and who had at least one efficacy measurement. Hardy-Weinberg equilibrium was examined using the χ^2^ test. The genetic association of the CYP2D6 P34S polymorphism with treatment efficacy was analyzed using multiple logistic regression controlling for sex and age as covariates. In allele frequency analysis, χ^2^ test was used. All statistical analyses were performed using SPSS version 18.0 (SPSS Inc., Chicago, IL, USA).

RESULTS
=======

Subject clinical characteristics and Hardy-Weinberg equilibrium for the CYP2D6 P34S polymorphism
------------------------------------------------------------------------------------------------

The intention-to-treat group consisted of 94 subjects. χ^2^ test analysis of genotype frequencies confirmed that the subjects were in Hardy-Weinberg equilibrium (χ^2^=3.45, p=0.063). Of the 94 patients initially recruited, 56 patients completed the 12-week study and 38 patients withdrew because of a failure to draw blood, lack of efficacy, personal conflict or other personal decision, loss to treatment or adverse events during the 12 weeks of treatment.

The mean age, onset age, family history of MDD and baseline HAMD-21 and CGI-S scores are presented in [Table 1](#T1){ref-type="table"}. There were no significant differences in these demographic data among the genotypes. The gender distribution during the study period did not differ between the 3 genotypes. The baseline HAMD-21 and CGI-S scores also did not differ among the genotypes.

Association between remission status and the CYP2D6 P34S polymorphism in escitalopram treatment
-----------------------------------------------------------------------------------------------

We investigated the association between the CYP2D6 P34S polymorphism and remission status after 1, 2, 4, 8, and 12 weeks of escitalopram treatment using multiple logistic regression. The correlations between the CYP2D6 P34S polymorphism and remission status in escitalopram treatment are presented in [Table 2](#T2){ref-type="table"}. A significant association was detected after 8 and 12 weeks of treatment (p=0.049 and 0.011, respectively) in a recessive model, which compared P allele carriers (PP homozygotes and PS heterozygotes) with SS homozygotes. The proportion of SS homozygotes in remission was lower than that of P allele carriers after 8 and 12 weeks of treatment. There were also significant differences in the remission status among the genotypes in the co-dominant (PP homozygotes vs. PS heterozygotes vs. SS homozygotes) after 8 and 12 weeks of treatment (p=0.044 and 0.013, respectively). However, in dominant models which compared S allele carrier with PP homozygotes, there were no significant relationship between the polymorphism and remission status. In the allele frequency analysis using χ^2^ test, there were significant differences among the genotypes after 4, 8, and 12 weeks of treatment (p=0.029, 0.032, and 0.007, respectively). Our results support the postulation that P allele carriers tend to enter remission in escitalopram treatment.

Association between treatment response and the CYP2D6 P34S polymorphism in escitalopram treatment
-------------------------------------------------------------------------------------------------

As shown in [Table 3](#T3){ref-type="table"}, a significant association was observed between the genotype and treatment response after 8 and 12 weeks of treatment (p=0.030 and p\<0.001, respectively) by logistic regression in the recessive model. The proportions of S allele homozygotes in responders were lower than that of P allele carriers after 8 weeks and 12 weeks of treatment. A significant correlation was also observed after 8 and 12 weeks of treatment (p=0.031 and 0.001, respectively) in the co-dominant model. In allele frequency analysis, the proportions of P allele in responders were significantly larger than those of S alleles after 8 weeks and 12 weeks of treatment (p=0.011 and p\<0.001, respectively).

Association of the CYP2D6 P34S polymorphism with escitalopram-induced side effects in escitalopram treatment
------------------------------------------------------------------------------------------------------------

To evaluate the correlation between the CYP2D6 P34S polymorphism and escitalopram-induced adverse effects, UKU-SERS was used. The adverse effects on psychic symptoms, sleep symptoms, extrapyramidal symptoms, gastro-intestinal symptoms, autonomic symptoms, skin reactions, hormonal problems, sexual dysfunction, and headache were investigated by multiple logistic regression analysis. An impact of the CYP2D6 P34S polymorphism on medication-induced adverse effects was not observed for all the symptom categories of UKU-SERS (data not shown).

DISCUSSION
==========

The involvement of CYP2D6 in the metabolism of several antidepressants, including escitalopram, is well recognized.[@B32],[@B33] The metabolic activity of CYP2D6 exhibited inter-individual variability, ranging from complete absence (PMs) to overexpression of activity (UMs) in population-based CYP2D6 polymorphism studies.[@B12],[@B24] With respect to pharmacokinetics, the influence of the CYP2D6 genotype on several antidepressants has been well documented,[@B34]-[@B37] but reports on the impact of the CYP2D6 genotype on clinical outcome are limited.[@B38]

In this study, we found a significant association between remission status and the CYP2D6 P34S polymorphism in P allele carriers after 8 and 12 weeks of escitalopram treatment in a recessive and co-dominant model. There was also a significant correlation between treatment response and P allele carriers after 8 and 12 weeks of treatment. Additionally, a significant relationship was observed between allele frequencies of the CYP2D6 P34S polymorphism and remission status and treatment response. These results suggest that the P allele of the CYP2D6 P34S polymorphism is a favorable factor in escitalopram treatment for MDD. Demographic data analysis revealed no differences in the baseline HAMD-21 and CGI-S scores between genotypes, suggesting that CYP2D6 P34S is not a risk factor for the development of MDD. This finding is consistent with the results of a previous study, which showed that the occurrence of MDD was not influenced by CYP2D6 polymorphism.[@B39]

Although an association between the CYP2D6 P34S polymorphism and the clinical response to antidepressants was reported by previous pharmacogenetic studies,[@B40],[@B41] there has been no consistent explanation for the effects of the CYP2D6^\*^10 polymorphism on antidepressant action. Recently, Tsai et al.[@B19] reported that CYP2D6 polymorphism, including the ^\*^10 allele, influenced escitalopram treatment outcomes in MDD patients, based on gene dosage analyses. This study indicated that IMs with CYP2D6 polymorphism exhibited a significantly higher frequency of remission from MDD during an 8-week treatment with escitalopram. However, Serretti et al.[@B42] reported that the CYP2D6 genes are not associated with response and remission in a sample of depressive patients treated with various antidepressants, including escitalopram. These contradictory results may be explained by the differences in the study designs. In the study of Serretti et al.,[@B22] antidepressants were divided into SSRI, TCA, NRI, SNRI, and NaSSA, and the efficacy of treatment was evaluated based on the genetic polymorphisms of CYP1A2, CYP2C9, CYP2C19, and CYP2D6. Problems of stratification in the study was pointed out by a recent report,[@B29] because only 1 of 247 subjects received escitalopram in the study. Consistent with the results of our present study, our previous study on CYP2D6 P34S polymorphism and treatment response to mirtazapine, which showed that CYP2D6 P34S polymorphism was significantly associated with remission status, and that the P allele of the CYP2D6 P34S polymorphism is a favorable factor for a response to mirtazapine treatment in Koreans with major depression.[@B29]

There has been a discussion on not only the influence of CYP2D6 polymorphism on treatment outcomes, but also on the correlation between CYP2D6 polymorphism and druginduced adverse effects. Several recent studies on pharmacogenetic evaluation of antidepressant-induced adverse effects reported that CYP2D6 PMs tend to exhibit an increase in concentration-dependent adverse events due to slow elimination of antidepressants from the body.[@B17],[@B18] Furthermore, Chou et al.[@B43] suggested that the total duration of hospital stay was longer for patients in the CYP2D6 PM group due to a higher number of adverse drug effects. However, our analysis of the CYP2D6 P34S polymorphism and the medication-related adverse effects could not reveal the correlation between them in any categories of adverse effect on UKU-SERS.

Based on the results of previous studies, altered CYP2D6 metabolic activity modulated by CYP2D6 polymorphism is associated with a generally less favorable treatment outcome in patients treated with antidepressants that are CYP2D6 substrates.[@B18] It has been reported that CYP2D6 PMs have greater susceptibility to adverse effects[@B44],[@B45] and lower treatment response[@B15],[@B16] to antidepressants than EMs due to higher plasma drug concentrations. On the other hand, reduced antidepressant efficacy in CYP2D6 UMs was attributed to insufficient plasma drug concentrations to produce the desired therapeutic effects with the usual doses.[@B46],[@B47] The frequency of CYP2 D6^\*^10 is relatively high in Asian IMs, and lower catalytic activities toward various psychotropic drugs, including antidepressants, were observed in patients with CYP2D6^\*^10/^\*^10 or CYP2D6^\*^10/^\*^null genotypes.[@B25] Based on the aforementioned reports and the results of our study, we postulate that SS allele homozygotes of the CYP2D6 P34S polymorphism show low efficacy of treatment for MDD due to their escitalopram metabolizer phenotype. In this study, it remains unclear whether patients with the homozygous SS allele are PMs, UMs, or IMs due to lack of plasma drug concentration measurements. However, studies on the association between drug concentration levels and treatment outcomes in MDD have yielded inconsistent results. In one study with a naturalistic clinical study design, treatment response was not associated with plasma concentrations or influenced by CYP2D6 polymorphism, above or below the lower limit of a presumed therapeutic range of antidepressants.[@B48] In another study,[@B19] an influence of CYP2D6 polymorphism on escitalopram efficacy was observed, but there were no significant differences in the serum concentrations of escitalopram and its metabolites S-desmethylcitalopram and S-didemethylcitalopram among the allelic combinations of CYP2D6 polymorphism, including the CYP2 D6^\*^10 allele. Therefore, further studies that take into consideration both the genotype of the polymorphism and plasma drug concentrations as a phenotype are required to demonstrate a direct correlation between plasma drug concentration and the polymorphism and to elucidate the influence of the CYP2D6 P34S polymorphism on the efficacy and tolerability of escitalopram.

To our knowledge, this is first study to evaluate the association between CYP2D6 polymorphism and efficacy of escitalopram, focusing on a single locus of the CYP2D6 P34S polymorphism. However, this study has several limitations; First, we investigated only 1 SNP of the CYP2D6 polymorphism, not allelic combinations of all CYP2D6 polymorphisms detected in the Korean population. For a thorough evaluation, gene screening and association studies of whole CYP2D6 genetic polymorphisms are required to identify the genetic markers associated with treatment response to escitalopram. However, the CYP2D6 P34S polymorphism is an important genetic marker, indicating CYP2D6^\*^10 allele which is not only the most frequent allele in the Korean population,[@B24] but also in the Asian population.[@B21] Therefore, an investigation of the causal relationship between single SNP and efficacy of escitalopram, focusing on the CYP2D6 P34S polymorphism, will also be meaningful.

Second, relatively small sample sizes at baseline for each genotype groups and small number of completers for 12-week escitalopram treatment schedule make nothing to be concluded strongly in this study. In addition, there were performance of multiple comparisons in the analyses, therefore, our suggestions in this study can not be free from the risk of type I error.

Third, we could not determine the patients\' CYP2D6 metabolizer phenotype, which was considered an important factor in previous pharmacogenetic studies on CYP2D6 polymorphism and antidepressant efficacy, because of a lack of plasma escitalopram concentration measurements in our study. Therefore, the correlation between treatment response to escitalopram and enzymatic activity of CYP2D6 remains unclear. With respect to population stratification, bias cannot be excluded from our results. However, given that the Korean population has a relatively high degree of genetic homogeneity, such stratification bias is unlikely in our subjects. In this study, individual subjects received escitalopram at a dose range of 5-40 mg, not the same dose, during the 12-week trial. However, we did not control the dose of escitalopram as a covariate in the statistical analysis of the association between polymorphism genotypes and treatment outcomes. Thus, there is a possibility that the variation in the escitalopram dose influenced the treatment response. Finally, we could not detect an influence of the CYP2D6 P34S polymorphism on adverse effects of escitalopram in our study. Few studies have examined the association between CYP2D6 polymorphism and tolerability of antidepressants. We expect that future studies will pay more attention to this topic.

In summary, we found that CYP2D6 P34S was associated with remission status and treatment response in escitalopram treatment. We postulate that CYP2D6 P34S is a genetic marker for predicting the clinical outcome of escitalopram treatment, and the P allele is a favorable factor in escitalopram treatment in Korean patients with major depression.
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Demographic characteristics of the major depressive disorder intention-to-treat group
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^\*^p value for Hardy-Weinberg equilibrium, ^†^genotype comparisons were performed using ANOVA, ^‡^genotype comparisons were performed using Fisher\'s exact test. MDD: major depressive disorder, HAM-D: Hamilton Depression Rating Scale, CGI: Clinical Global Impression, ANOVA: analysis of variance
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Association analysis of the CYP2D6 P34S polymorphism with remission status in escitalopram treatment of MDD patients
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Data were obtained by logistic regression after controlling for age and sex as covariates. In allele frequency analysis, χ^2^ test was used. MDD: major depressive disorder, Co-dom: co-dominant model (SS vs. PS vs. PP), Rec: recessive model (SS vs. PP+PS), Dom: dominant model (SS+PS vs. PP), OR: odds ratio, CI: confidence interval
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Association analysis of the CYP2D6 P34S polymorphism with treatment response to escitalopram in MDD patients
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Data were obtained by logistic regression after controlling for age and sex as covariates. In allele frequency analysis, χ^2^ test was used. MDD: major depressive disorder, Co-dom: co-dominant model (SS vs. PS vs. PP), Rec: recessive model (SS vs. PP+PS), Dom: dominant model (SS+PS vs. PP), OR: odds ratio, CI: confidence interval
